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careful planning, with a balance of expectations and resources

versus long-term costs and return on investment. Not every

research environment requires the same type or degree of

automation, and operations research and process analysis are

necessary to select the robotic automation layout most

suitable to achieve maximal overall efficiency. Based on

process outlines and a review of critical steps, we provide

examples for cost-effective, modular designs for

crystallography laboratory automation, emphasising the
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The availability of high resolution crystal structures is of key

importance for structure guided drug design. Publicly and

commercially funded structural proteomics efforts have led to

accelerated technical development and increased availability

of high throughput robotics for protein crystallography,

extending from parallel protein expression to fully automated

protein crystallisation robotics and automated sample

mounting, data collection and structure solution methods.

Successful implementation of laboratory automation requires
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importance of automated process scheduling, data capture

and adequate database support. 

Rapid technical developments in automated high throughput

crystallisation have led to the widespread availability of relatively

affordable robotic automation. The NIH Protein Structure

Initiative, PSI-I, (1) provides significant public funding to nine

P50 structural genomics (SG) centres in the US, and similar

initiatives in Europe (SPINE), Canada, Japan and Israel have been

funded. A main objective of these centres is the advancement of

high-throughput crystallography. Given the potentially enormous

rewards of structure guided drug development (2-5), it comes as

no surprise that a substantial number of biotech ventures were

able to attract capital to develop and implement advanced custom

robotic automation in protein crystallography. Consequently,

many vendors have now realised the market potential for

automation of crystallisation, and are competing with a wide

palette of products ranging from basic liquid handling robots to

integrated high throughput crystallisation workstations, imaging

stations and crystal mounting robots. 

This poses the question of how to spend available funds most

wisely to maximise return on the investment into robotics.

Significant differences in objectives, throughput goals, capital,

organisational structure and talent pool exist between academic

laboratories and large scale pharmaceutical drug discovery

efforts, and each requires a specific implementation plan. On an

industrial scale, where the high-throughput environment can

process hundreds of crystals a week, it may be neither necessary

nor efficient to pursue every recalcitrant target to completion,

while in a small scale academic setting, careers can depend on

the determination of one specific structure.

ROBOTIC TECHNOLOGY IN THE 
CRYSTALLOGRAPHY LABORATORY

The process of crystallographic structure determination can be

broken up into a number of successive task blocks (see Figure

1), beginning with target selection, followed by protein

production, crystallisation, data collection and finally structure

determination. The highest demand for automation is generally

found in screening steps, where repetitive tasks of modest

complexity can be conveniently handled by robotics. Protein

crystallisation is currently the most prominent candidate for full

automation, while at the same time the front-end of protein

production begins to undergo a similar transformation with

increasing use of small scale, high throughput parallel

expression and purification screening techniques. Novel

plasmid vectors, expression autoinduction, affinity-tagged

proteases of high specificity, and modular parallel

chromatography equipment have contributed major advances

towards automation in protein production. On the other hand,

structure solution, model building and refinement are

conducted entirely in silico and, given the rapid development of

automated computational crystallography (3, 6-8), are generally

not considered throughput limiting factors. 

Success statistics compiled from the NIH PSI-I initiatives

provide a baseline for the expected attrition from gene targeting

up to the availability of a validated crystal structure. The trend

is sobering and reveals substantial attrition: on average, slightly

more than a third of soluble proteins form crystals, and about

another 30-50 per cent of those crystals actually yield data

leading to structures. Together, the probability of obtaining a

structure from a purified protein is about 10-20 per cent. Losses

from construct to purified protein are

equally high (in particular for other than

soluble, bacterial proteins), and average

success rates are again in the order of

about 20-30 per cent. Clearly,

automation of protein production is

crucial to the success of a structural

proteomics pipeline, as emphasised by

the increasing importance of exploring

multiple constructs, orthologs (9), or

engineered proteins (10-12) in order to

obtain crystallisable proteins. Serious

late stage losses finally occur in the step

from harvestable crystal to diffraction

data, caused by handling of the fragile

crystals during harvesting, cryo-

protection, mounting and annealing (13),

and through radiation damage [14].

Optimisation of the post-crystallisation

handling is thus equally important to

achieve high overall process efficiency.

The overall objective of automation is an

increase in the efficiency of the entire

process, with specific implementation

Right panel insert shows a more detailed view of basic crystallisation tasks and their relation. Shading indicates
basic liquid handling (medium orange), crystallisation plate set-up and handling (dark orange), and mounting
and data collation tasks (light yellow). Absent from the flow diagrams are the feedback mechanisms from
structure analysis to target modification as well as iterative ligand screening and optimisation.
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Figure 1: Schematic Flow of a Crystallographic Structure Determination (Left)

Target 
identification

Prepare random screen Prior information
available?

Prepare custom 
screen XB

After predetermined 
trail #, change protein

construct

Pursue next crystal or
different cryo-buffer

Set-up crystallisation
plate

Store crystallisation
plate

Mountable Crystals
observed?

Mount and flash-cool,
collect initial frames

Suitably defracting
and indexable?

Cell constants, Laue
group, determine 

data collection and
phasing strategy

Gene X – Soluble
Protein Construct XB

Prepare optimisation
screen

Pursue new
optimisation

Cloning

Expression 
Purification

Crystallisation

Data 
collection

Structure 
determination



examples of liquid handling, cocktail preparation,

crystallisation plate set-up, plate manipulation, observation of

crystal growth and crystal mounting. A crucial element in the

evaluation of throughput expectations is to define current, and

anticipate future, rate limiting steps. A singular deployment of

high speed robotics (in particular if intended to significantly

increase throughput), will likely create new bottlenecks

downstream: given sufficient protein supply, even with

affordable equipment, about 20-30 96-well crystallisation trays

per eight hour shift can be set up with ease. Assuming a plate

shelf life time of four months and eight observations in that

period, roughly 2,400 plates accumulate and require an

observation roughly every two seconds. Cleary, image

acquisition and analysis of outcomes need to be highly

automated, and corresponding action in response to the

outcome, such as scheduling of mounting or automated set-up

of optimisation and harvesting plates, needs to follow in a

timely manner. Without paralleling measures, increased robotic

protein crystallisation throughput also tends to outstrip the

protein production capacity (15), providing an example for

upstream shift of a rate limiting process step. High

crystallisation throughput of even a few proteins per day is not

sustainable without careful planning of the entire automation

set-up and thorough operations review. 

One of the biggest advantages of automation is miniaturisation,

allowing comprehensive parallel screening of large sample sets

(multiple constructs, orthologs, media and so on) with very little

material. As a consequence, statistically sound go/no-go

decisions can be made early in each successive screening step,

and the pursuit of a target already showing warning signs of

limited likelihood of success can be avoided. Early go/no-go

decisions are common practice in the pharmaceutical industry,

and academic examples are the ‘two-tiered’ approaches to

crystallisation (16, 17), or the estimate of a point of diminishing

return in random screening based on statistical analysis (18).

Failure in later stages of the process, as exemplified by losing

harvestable crystals or the failure of new therapeutic drug

candidates in late phases of clinical trials due to unexpected

drug interactions (19), tends to become increasingly costly (see

Figure 2, see page 56).

A somewhat underestimated consequence of automation is the

rapid generation of data during multiple levels of successively

branched screening steps (such as expression, solubilisation,

crystallisation, cryo-protection) (21). Despite considerable sample

attrition, the amount of data generated at each screening step can

rapidly outstrip the capability to analyse them (22). Consequently,

even for a small effort, the capturing of primary data at the source

directly into a relational database via automated scripts or a

laboratory information management system (LIMS) is important.

Elaborate LIMS packages are mandatory for the pharmaceutical

and biotech industry (23), largely due to regulatory requirements

(21 CFR part 11 compliance), but smaller and flexible systems are
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becoming available for proteomics and crystallography (24-26)

and some are being developed by the PSI centres (27). In addition,

with increasing automation, tightly integrated process control,

multiple feedback steps, real-time data processing and decision-

making, and machine learning for predictive purposes (21) are

becoming a major component of any automation intensive

laboratory. Although initial cost and effort to implement a LIMS

are not insignificant, the return on investment (ROI) can be less

than a year (28). A well-designed data repository based on a

relational database will support access to existing public

databases, allowing cross-database queries of supporting

information that can be used at various levels in the decision-

making process (29); at the top level the need to construct new

ontologies for data description and data mining of complex

knowledge (30) need to be anticipated.

Full walk-away automation up to, but not including, harvesting is

conceivable given the current equipment available on the market,

and has been demonstrated (albeit at substantial cost) in several

custom-made industrial designs (4, 31). Cocktail preparation,

plate set-up, automated crystal recognition and subsequent

optimisation can be integrated with plate handling robotics and

provide no principal (nonetheless financial) challenges. Process

automation currently stops at the harvesting stage, largely due to

the expense of micromanipulation, and the need for advanced

machine vision tools to allow real-time processing of the events

during crystal harvesting. However, new reproducibly

manufactured mounting loop designs (32, 33) and micro-

manipulation actuators for robots are being developed, and will

eventually address this remaining manual bottleneck. Once the

crystals are safely cryo-protected, robotic mounting of sample

pins has become standard on HTPX synchrotron beam lines and

in larger biotech companies and laboratories (34-38).

An issue that usually affects commercial ventures more than

academics is the need for licensing of patented materials, processes

or copyrighted code. In the US, for example, the use of

nanoliter drop technology in crystallisation is protected

and was the subject of an infringement dispute (US

Patent 6,296,673). Given the ever-increasing

intertwinement of academics and commercial contract

work, patent and licensing issues cannot be ignored.

Vendor or third-party on-site service contracts

constitute a nearly mandatory, but easily forgotten

expense for complex equipment. Particularly if no

dedicated local support or engineering team is

available, service contracts can provide a good return

on investment. On-site service contracts in general

seem to cost about 10 per cent of the equipment price

per year, and their value for any production schedule

is evident.

CONCLUSION

Automation in protein crystallography is becoming

increasingly attractive, and for successful deployment

in any laboratory setting, the expected benefits must be offset

against the total cost of ownership. Although basic equipment is

affordable, there is more to automation than just purchasing a

liquid handler and/or plate incubator with an integrated camera.

Automation for high throughput should parallel a change in

mindset, including a re-analysis of the whole process of

crystallisation and protein production. Robotic high throughput

crystallisation screening in micro-drops allows, in an

unprecedented way, the implementation of strategies that

identify lead candidates early, and provides the opportunity for

corrective action at the protein construct level – before more

resources are expended on low probability targets likely to fail

in later steps. 

High-throughput crystallisation of even a few proteins per day is

not sustainable without careful planning of the entire automation

set-up and a thorough operations review. A singular deployment

of high speed robotics, in particular if intended to significantly

increase throughput, will likely create new bottlenecks

downstream. Data capture, warehousing and curating is of

paramount importance, not just for process control, but also for

successful data mining of highly dimensional and complex

proteomics data. If proteomics and crystallisation data analysis is

to evolve from basic frequency and propensity analysis to truly

predictive models of specific inference, it is mandatory that

common metrics for scores and minimal standards for

experimental design are maintained. Realistic planning and full

consideration of high throughput process and design principles

will go a long way to accomplish a successful and financially

sound transition into robotic high-throughput crystallography. ◆
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The later a target is abandoned in the process, the more costly steps it has passed through and
the more resources it has consumed. As extreme examples, a failure to clone a target out of DNA
in high throughput mode is probably limited to waste of a primer pair, some chemicals and a
small amount of labour. The other extreme would be a dataset that cannot be phased. At this
point, the target has passed all cost-intensive experimental stages and accumulated maximal
value. Similarly, losing crystals during cryo-soaking is very expensive, affirming that more effort
should be spent on systematic investigation of cryo-protection (20). Estimated total cost per
publicly-funded structure decreased from $500k/S in 2000 to $150k/S in late 2003 and is
expected to decrease further to about $50k/S in 2005, when the initial phase of the PSI will end. 

Source: NIH report, Planning for the Protein Structure Initiative, Sept 2003

Figure 2: Target Attrition Versus Cost of Failure
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